The structures of ®ve hydrogen-bonded adducts of triphenylsilanol, Ph 3 SiOH, with diamines have been determined. In the 4:1 adduct formed with 1,4-diazabicyclo[2.2.2]octane, (Ph 3 SiOH) 4 ÁC 6 H 12 N 2 (I) (triclinic, P " 1, Z H = 2), there are two independent ®ve-component aggregates built from OÐHÁ Á ÁN and OÐHÁ Á ÁO hydrogen bonds, in one of which the diamine exhibits orientational disorder: these two aggregates are linked into a cyclic ten-molecule unit by means of two independent CÐHÁ Á Á%(arene) hydrogen bonds. The 4:1 adduct formed with 1,2-bis(4-pyridyl)ethene, (Ph 3 SiOH) 4 ÁC 12 H 10 N 2 (II) (triclinic, P " 1, Z H = 0.5), forms a similar ®ve-component aggregate which lies across a centre of inversion: a single CÐHÁ Á Á%(arene) hydrogen bond links these aggregates into a molecular ladder. With N,N Hdimethylpiperazine, triphenylsilanol forms a 2:1 adduct, (Ph 3 SiOH) 2 ÁC 6 H 14 N 2 (III) (monoclinic, P2 1 /c, Z H = 0.5), in which a three-component aggregate built from OÐHÁ Á ÁN hydrogen bonds lies across a centre of inversion: two independent CÐHÁ Á Á%(arene) hydrogen bonds link these aggregates into sheets. In the hydrated 2:1 adduct formed with 1,2-bis(4 H -bipyridyl)ethane, (Ph 3 SiOH) 2 ÁC 12 H 12 N 2 ÁH 2 O (IV) (triclinic, P " 1, Z H = 1), a combination of two independent OÐ HÁ Á ÁO and two independent NÐHÁ Á ÁO hydrogen bonds links the ®ve molecular components into a centrosymmetric eightmolecule aggregate, and six independent CÐHÁ Á Á%(arene) hydrogen bonds link these chains into a continuous threedimensional framework structure. In the dihydrated 2:1 adduct formed with 4,4 H -bipyridyl, (Ph 3 SiOH) 2 ÁC 10 H 8 N 2 Á(H 2 O) 2 (V) (triclinic, P " 1, Z H = 1), a combination of four independent OÐHÁ Á ÁO and two independent NÐHÁ Á ÁO hydrogen bonds links the ®ve molecular components into a chain of rings, and four independent CÐHÁ Á Á%(arene) hydrogen bonds link these chains into a continuous three-dimensional framework structure.
Introduction
We have recently observed that co-crystallization, from methanol solutions, of mixtures of triphenylsilanol, Ph 3 SiOH [A, see Scheme (I)], and 4,4 H -bipyridyl, NC 5 H 4 ±C 5 H 4 N (B), gave a 1:1 adduct Ph 3 SiOHÁC 10 H 8 N 2 , in which the two molecular components are linked by an OÐHÁ Á ÁN hydrogen bond, and a 4:1 adduct (Ph 3 SiOH) 4 ÁC 10 H 8 N 2 (Bowes et al., 2003) . In the 4:1 adduct, two triphenylsilanol molecules are linked to the 4,4
H -bipyridyl via OÐHÁ Á ÁN hydrogen bonds and two further triphenylsilanol molecules are linked to the ®rst pair via OÐ HÁ Á ÁO hydrogen bonds. However, it did not prove possible to isolate or identify the expected 2:1 adduct, (Ph 3 SiOH) 2 ÁC 10 H 8 N 2 , containing OÐHÁ Á ÁN but not OÐ HÁ Á ÁO hydrogen bonds. Moreover, three different polymorphs of the 4:1 adduct were characterized, all in the triclinic space group P " 1 and having Z H values of 0.5, 1 and 4, respectively. These polymorphs, which are at least pairwise concomitant, all exhibit considerable disorder, even at 150 K, particularly involving the orientation of the phenyl rings. By contrast, the 1:1 adduct has a fully ordered structure in which the bimolecular aggregates generated by the OÐHÁ Á ÁN hydrogen bond are linked into a continuous three-dimensional framework structure by no fewer than four different CÐHÁ Á Á%(arene) hydrogen bonds involving both phenyl and pyridyl rings as acceptors.
Intrigued by the crystallization behaviour of this system, giving 1:1 and 4:1 adducts but no 2:1 adduct, as well as by the polymorphism of the 4:1 adduct, we have now investigated the co-crystallization of a range of mixtures containing triphenylsilanol and other diamines, including 1,2-bis(4-pyridyl)-
piperazine (G) and hexamethylenetetramine (H).
In the cases of diamines (C) and (E), methanol solutions containing triphenylsilanol and the diamine in molar ratios of 1:1, 2:1 or 4:1 (triphenylsilanol:diamine in all cases) uniformly yielded the 4:1 adducts (I) and (II) only as the sole crystalline products. In contrast, diamine (F) produced only the 2:1 adduct (III), whereas diamine (D) produces the monohydrated 2:1 adduct (IV). Use of the amines (G) and (H) consistently failed to produce any crystalline adducts and triphenylsilanol was the only solid product isolated from crystallizations involving these amines. In addition, we have now isolated and characterized a further product in the triphenylsilanol±4,4
H -bipyridyl system, namely the hydrated 2:1 adduct (Ph 3 SiOH) 2 ÁC 10 H 8 N 2 Á(H 2 O) 2 (V).
Experimental

Synthesis
For each of compounds (I)±(IV), stoichiometric quantities of triphenylsilanol and the diamines (E), (C), (F) or (D), respectively, equivalent to 1:1, 2:1 and 4:1 molar ratios in each case, were separately dissolved in dry methanol. The corresponding solutions were mixed and set aside to crystallize, consistently providing samples of (I)±(IV). Analyses: found for (I), C 76.9, H 6.5, N 2.2%; H -bipyridyl were employed in a similar co-crystallization. Analysis for (V): found C 75.3, H 5.7, N 3.7%; C 46 H 44 N 2 O 4 Si 2 requires C 74.2, H 6.0, N 3.8%. When piperazine (G) or hexamethylenetetramine (H) were employed in similar co-crystallization experiments, the crystallized products were consistently found to be pure triphenylsilanol. Crystals of (I)±(V) suitable for single-crystal X-ray diffraction were selected directly from the analytical samples.
Data collection, structure solution and refinement
Diffraction data for (I)±(V) were collected at 150 (1) K using a Nonius Kappa-CCD diffractometer with graphitemonochromated Mo K radiation (! = 0.71073 A Ê ). Other details of cell data, data collection and re®nement are summarized in Table 1 , together with details of the software employed. Compounds (I), (II), (IV) and (V) are all triclinic, and for each of them the space group P " 1 was selected and con®rmed by the successful structure analyses: for (III) the space group P2 1 /c was uniquely assigned from the systematic absences. The structures were solved by direct methods and re®ned with all data on F 2 . A weighting scheme based upon
2 c ]/3 was employed in order to reduce statistical bias (Wilson, 1976) . All H atoms were located from difference maps and all were fully ordered. Those bonded to water O atoms were placed at positions located from the difference maps and treated as riding atoms with an OÐH distance of 0.99 A Ê , as deduced from the difference maps; all other H atoms were treated as riding atoms with distances CÐH 0.95 A Ê and hydroxy OÐH 0.84 A Ê . In (I) one of the DABCO components, that containing N21 and N22, is disordered over two sets of sites, with re®ned occupancies of 0.798 (3) and 0.202 (3), where the two set of sites have essentially identical N positions but the ÐCH 2 ÐCH 2 Ð bridges in the two orientations are effectively rotated by ca 60 about the NÁ Á ÁN vector: the C and N atoms of the minor component were re®ned isotropically. ) 0.14 0.14 0.14 0.13 0.13 Temperature (K) 150 (1) 150 (1) 150 (1) 150 (1) 150 (1 Criterion for observed re¯ections 
], where
], where Computer programs: Kappa-CCD server software (Nonius, 1997) , DENZO-SMN (Otwinowski & Minor, 1997) , SHELXS97 (Sheldrick, 1997) , SHELXL97 (Sheldrick, 1997) , PLATON (Spek, 2003) , PRPKAPPA (Ferguson, 1999) , WINGX (Farrugia, 1999) .
Supramolecular analyses were made and the diagrams were prepared with the aid of PLATON (Spek, 2003) . Details of selected molecular dimensions and hydrogen-bond dimensions are given in Tables 2 and 3. 1 Figs. 1±14 show the molecular components, with the atom-labelling schemes, and aspects of the supramolecular structures.
3. Results and discussion
Crystallization characteristics
For each of the amines (C) and (E) [see Scheme (I)], co-crystallization with triphenylsilanol from solution in dry methanol containing molar ratios of triphenylsilanol-to-amine of 1:1, 2:1 or 4:1 consistently provided pure samples of the 4:1 adducts (II) and(I), respectively. Similar mixtures of triphenylsilanol with the amines (B) and (F) consistently yielded the mono-hydrated 2:1 adduct (IV) and the solvent-free 2:1 adduct (III), respectively. This behaviour may be contrasted with that of mixtures of triphenylsilanol with (B), again in dry methanol, where a 1:1 molar ratio yielded a 1:1 adduct, but where both 2:1 and 4:1 molar ratios gave concomitant polymorphs of the 4:1 adduct (Bowes et al., 2003) : presumably in the formation of (IV), the water has an atmospheric origin. However, when deliberately damp methanol was employed as the solvent for an equimolar mixture of triphenylsilanol with (B), the product was not the expected 1:1 adduct, but instead the hydrated 2:1 adduct (V). All attempts to obtain adducts of triphenylsilanol with the amines (G) and (H) have so far been unsuccessful.
It is notable that in (I) and (II), the 4:1 aggregates formed by the hard hydrogen bonds have all of their triphenylsilanol components fully ordered. This is in marked contrast to the various polymorphs of the 4:1 adduct formed between triphenylsilanol and 4,4 H -bipyridyl, where there is very extensive orientational disorder of the phenyl groups, even at 150 K (Bowes et al., 2003) . In triphenylsilanol itself, the phenyl disorder is modest at low temperatures, but intractable at ambient temperatures (Bowes et al., 2002) .
By contrast with the reactions involving triphenylsilanol and the amines (B)±(F), these amines with triphenylmethanol, Ph 3 COH, in methanol solutions consistently gave pure triphenylmethanol as the sole crystalline product, regardless of whether the input molar ratio of triphenylmethanol to amine was 1:1, 2:1 or 4:1.
Dimensions and conformations
The independent SiÐO distances in (I)±(V) ( Table 2) span the rather narrow range 1.624 (2)±1.640 (2) A Ê and no individual value is markedly different from the values (Bowes et al., 2002 (Bowes et al., , 2003 
Symmetry code: (i) 1 À xY 1 À yY 1 À z.
1.633 (4) and 1.634 (7) A Ê , respectively; or in the 1:1 adduct formed with 4,4 H -bipyridyl, 1.629 (2), and in the 2:1 adduct formed with dimethylsulfoxide, 1.636 (2) A Ê .
The highest possible symmetry for the non-H atoms in a triphenylsilanol molecule is C 3v (3m) and there are two conformations, de®ned by OÐSiÐCÐC torsional angles of zero or 90 , respectively, which have this symmetry. In the event, the inner triphenylsilanol molecule in (II), containing Si1, the unique triphenylsilanol molecule in (III) and one of the triphenylsilanol molecules in each of (IV) and (V), those containing Si2 and Si1, respectively, all have conformations fairly close to C 3 (3) symmetry for the non-H atoms: the numerical values of the OÐSiÐCÐC torsional angles in these components lie in the range 24.1 (2) to 66.2 (2) with a mean of ca 46 , just midway between the two C 3v conformations. However, only one of the triphenylsilanol molecules, that in (III) containing Si2, has a conformation close to Cs (m) symmetry for the non-H atoms. In this molecule the OÐSiÐ CÐC torsional angle for one phenyl ring is close to 90 and those for the other two rings are close to zero, but with opposite signs (Table 2 ). The remaining independent triphenylsilanol molecules have conformations in which the non-H atoms do not even approximate to any symmetry above C 1 .
The fully ordered DABCO unit in (I) exhibits the usual twist away from D 3h ( " 6m2) symmetry towards D 3 (32) symmetry, with a mean NÐCÐCÐN torsional angle of 9.1 (4)
. The major component of the disordered DABCO shows a much smaller distortion, with a mean NÐCÐCÐN torsional angle of 2.9 (6) , while for the minor component the mean NÐCÐCÐN torsional angle is not signi®cantly different from zero.
In each of compounds (I) and (II) the OÐHÁ Á ÁN hydrogen bonds are shorter than the OÐHÁ Á ÁO hydrogen bonds, although the difference is less marked in (II) than in (I). In (IV) and (V) the OÐHÁ Á ÁO hydrogen bonds involving triphenylsilanol as a donor and water as an acceptor are markedly shorter than those involving water as a donor and triphenylsilanol as an acceptor. In (V) both of the hydrogen bonds, to N as well as to O as an acceptor, are markedly shorter with O21 as a donor as compared with O11 as a donor.
Supramolecular structures
3.3.1. Hydrogen bonds generate a finite, zero-dimensional aggregate. The hard (Braga et al., 1995; Desiraju & Steiner, 1999) hydrogen bonds generate two independent ®ve-component aggregates in the 4:1 adduct (I), both of which lie in general positions in the space group P " 1; in each aggregate an inner pair of triphenylsilanol molecules is linked to a DABCO unit via OÐHÁ Á ÁN hydrogen bonds, with an outer pair of triphenylsilanol molecules again linked to the ®rst pair via OÐHÁ Á ÁO hydrogen bonds (Fig. 1) . While all 24 of the independent phenyl rings in (I) are fully ordered, only one of the DABCO units is so ordered. In aggregate 1, containing N11 and N12, the DABCO is fully ordered, but in aggregate 2, containing N21 and N22, there are two orientations of the DABCO unit, related by a rotation of approximately 60 about the N21Á Á ÁN22 vector and having occupancies of 0.798 (3) and 0.202 (3), respectively.
There are two signi®cant CÐHÁ Á Á%(arene) hydrogen bonds in (I) which serve to link the two independent ®ve-component aggregates into a single ten-component unit. Atoms C134 and C724 act as hydrogen-bond donors, respectively, to rings C621±C626 and C411±C416, thus producing an aggregate in which two DABCO and six triphenylsilanol molecules are linked into a large rectangular ring, with the two remaining triphenylsilanol molecules pendent from it (Fig. 2) .
Each of the two independent ®ve-component aggregates has a pseudo-inversion centre at the centre of the DABCO moiety. One DABCO molecule (N11±C16) is centred at approximately ( The two independent ®ve-component aggregates in (I), showing the atom-labelling scheme: (a) aggregate 1 containing a fully ordered DABCO unit; (b) aggregate 2 containing a disordered DABCO unit (see text). Displacement ellipsoids are drawn at the 30% probability level and the H atoms bonded to C atoms are omitted for the sake of clarity.
3.3.2. Hydrogen bonds generate a one-dimensional structure. In the 4:1 adduct (II), the 1,2-bis(4-pyridyl)ethene unit lies across a centre of inversion in the space group P " 1, selected for the sake of convenience as that at ( 2 ). Two triphenylsilanol molecules are linked to the diamine via short OÐ HÁ Á ÁN hydrogen bonds and a further pair of triphenylsilanol molecules are linked to the ®rst pair via short OÐHÁ Á ÁO hydrogen bonds. The ®ve-component molecular aggregate (Fig. 3 ) generated in (I) by the hard hydrogen bonds is thus very similar to that found in each of the polymorphs of the 4:1 adduct formed with 4,4 H -bipyridyl. However, a striking difference between the adducts formed by 4,4 H -bipyridyl and 1,2-bis(4-pyridyl)ethene lies in the degree of disorder: whereas all three polymorphs of the 4,4 Hbipyridyl adduct exhibit extensive disorder, all components of the 1,2-bis(4-pyridyl)ethene (I) are fully ordered. It is therefore possible to analyse in a straightforward way the effect of the soft (Braga et al., 1995; Desiraju & Steiner, 1999 Table 3 Hydrogen-bond parameters (A Ê , ). Footnotes: (a) Cg1 is the centroid of the ring C621±C626; (b) Cg2 is the centroid of the ring C411±C416; (c) Cg3 is the centroid of the ring C21±C26; (d) Cg4 is the centroid of the ring C221±C226; (e) Cg5 is the centroid of the ring C211±C216; (f) Cg6 is the centroid of the ring C131±C136; (g) Cg7 is the centroid of the ring C121±C126; (h) Cg8 is the centroid of the ring C111±C116; (j) Cg9 is the centroid of the ring C231±C236; Symmetry codes:
Figure 3
The ®ve-component aggregate in (II), showing the atom-labelling scheme: the atom marked`a' is at the symmetry position (1 À xY 1 À yY 1 À z). Displacement ellipsoids are drawn at the 10% probability level and the H atoms bonded to the C atoms are omitted for the sake of clarity. 2 ). Propagation of this interaction by translation and inversion thus generates a chain of edgefused rings, alternatively regarded as a molecular ladder, running parallel to the [100] direction (Fig. 4) . 2 ) with the triphenylsilanol molecules linked to it via a unique OÐHÁ Á ÁN hydrogen bond (Table 3) to form a centrosymmetric threecomponent aggregate. There are no aromatic %Á Á Á% stacking interactions in the structure of (III), but two independent CÐ HÁ Á Á%(arene) hydrogen bonds link the molecules into sheets: it is convenient to consider each of these interactions in turn as the substructures which they generate are entirely different.
In the ®rst of these soft hydrogen bonds, the phenyl C13 atom in the molecule at (xY yY z), which lies in the threemolecule aggregate centred at ( (Fig.  6 ).
By contrast with this one-dimensional substructure the second CÐHÁ Á Á%(arene) hydrogen bond generates a twodimensional substructure. The phenyl atom C23 in the molecule at (xY yY z) acts as a donor to the ring C21±C26 in the molecule at (2 À xY 2) (Fig. 7) . If the threecomponent aggregates are regarded as the nodes of the Figure 6 Part of the crystal structure of (III) showing the formation of a molecular ladder along [010] . For the sake of clarity the H atoms bonded to C atoms, but not involved in the hydrogen-bond motif shown, are omitted. The atoms marked with an asterisk (*), a hash (#) or a dollar sign ($) are at the symmetry positions (1 À xY 1 À yY 1 À z), (xY À1 yY z) and (xY 1 yY z), respectively.
Figure 5
The three-component aggregate in (III) showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 30% probability level and the atoms marked`a' are at the symmetry position (1 À xY 1 À yY 1 À z).
Figure 4
Part of the crystal structure of (II) showing the formation of a molecular ladder along [100] . For the sake of clarity, the outer triphenylsilanol molecules (containing Si2) and the H atoms bonded to C atoms are omitted. The atoms marked with an asterisk (*), a hash (#) or a dollar sign ($) are at the symmetry positions (1 À xY 1 À yY 1 À z), (À1 xY yY z) and (1 xY yY z), respectively. corresponding net, this is of the (4,4) type (Batten & Robson, 1998) .
3.3.4. Hydrogen bonds generate a three-dimensional structure. Hard hydrogen bonds generate a ®nite aggregate: The hard hydrogen bonds in (IV) link the four independent molecular components into a ®nite, centrosymmetric aggregate of eight molecules (Fig. 8) , where all of the individual components lie in general positions. The diamine unit acts as a double acceptor of OÐHÁ Á ÁN hydrogen bonds, one from the water molecule via H32 and one from the triphenylsilanol molecule containing Si2 (Table 3) . The water molecule also acts as a hydrogen-bond donor, via H31, to triphenylsilanol O1 within the asymmetric unit, while O1 at (xY yY z) in turn acts as a donor to the water atom O3 at (1 À xY 1 À yY 1 À z). Hence, a centrosymmetric R 4 4 8 ring is generated, lying at the centre of the eight-molecule aggregate centred at ( An extensive series of CÐHÁ Á Á%(arene) hydrogen bonds (Table 3) links the eight-component aggregates into a continuous three-dimensional framework and the formation of this framework can most readily be analysed in terms of a number of individual one-dimensional substructures. In the simplest of these, the C115 atom in the internal triphenylsilanol molecule at (xY yY z), which lies in the eight-component aggregate centred at ( 2 ). Propagation of this interaction by translation and inversion then generates a chain containing two types of ring running parallel to the [010] direction, which is built from just the internal silanol molecules and the water molecules (Fig. 9) . In a somewhat similar motif, the C235 atom at (xY yY z) acts as a hydrogen-bond donor to the ring C211±C216 at (4 À xY ÀyY 2 À z), which lies in the aggregate centred at ( 11] direction. There are two one-dimensional substructures which each involve two CÐHÁ Á Á%(arene) hydrogen bonds. In the ®rst of these two, the C16 and C224 atoms at (xY yY z) act as hydrogenbond donors, respectively, to rings C221±C226 at (3 À xY 1 À yY 2 À z) and C111±C116 at (2 xY yY 1 z), which both lie in the aggregate centred at ( Stereoview of part of the crystal structure of (IV) showing the formation of a chain of rings along [010] . For the sake of clarity the H atoms bonded to C atoms, but not involved in the hydrogen-bond motif shown, are omitted.
Figure 7
Stereoview of part of the crystal structure of (III) showing the formation of a (10 " 2) sheet. For the sake of clarity the H atoms bonded to C atoms, but not involved in the hydrogen-bond motif shown, are omitted.
Figure 8
The eight-component aggregate in (IV) showing the atom-labelling scheme; phenyl C atoms are omitted except for those bonded to Si. Displacement ellipsoids are drawn at the 30% probability level and the atoms marked with an asterisk (*) are at the equivalent position (1 À xY 1 À yY 1 À z). Only the H atoms involved in hydrogen bonding are shown.
Figure 13
Part of the crystal structure of (V) showing the formation of a [301] chain generated by the hard hydrogen bonds. For the sake of clarity the unitcell box is omitted. The atoms marked with an asterisk (*) or a hash (#) are at the symmetry positions (3 À xY ÀyY 1 À z) and (ÀxY ÀyY Àz), respectively.
Figure 12
The independent molecular components in (V), showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 30% probability level. achieved more readily than the disruption of the triphenylsilanol tetramer. Liberal application of hindsight suggests that an equally important consideration may be the intrinsic acidity of the hydroxyl groups in the two compounds Ph 3 MOH (M = C or Si), where it is generally the case that silanols are more acidic than the corresponding carbinols (Eaborn, 1960; Sommer, 1965) X-ray data were collected at the University of Toronto using a Nonius Kappa-CCD diffractometer purchased with funds from NSERC Canada.
